A 6.7 kDa antimicrobial peptide was isolated from trout skin secretions using acid extraction followed by cation-exchange chromatography, t C 18 solid-phase extraction, and C 18 reversed-phase HPLC. The molecular mass of this peptide, which is tentatively named oncorhyncin III, is 6671 Da, as determined by matrixassisted laser-desorption ionization MS. N-terminal amino acid sequencing revealed that the first 13 residues of oncorhyncin III are identical with those of the non-histone chromosomal protein H6 from rainbow trout. Hence these data combined with the MS results indicate that oncorhyncin III is likely to be a cleavage product of the non-histone chromosomal protein H6 (residues 1-66) and that it probably contains two methylated residues or one double methylation. The purified peptide exhibits potent antibacterial activity against both Gram-positive and Gramnegative bacteria, with minimal inhibitory concentrations in the submicromolar range. The peptide is sensitive to NaCl, and displays no haemolytic activity towards trout erythrocytes at concentrations below 1 µM. Scanning electron microscopy revealed that oncorhyncin III does not cause direct disruption of bacterial cells. Reconstitution of the peptide in planar lipid bilayers strongly disturbs the membranes, but does not induce the formation of stable ion channels. Taken together, these results support the hypothesis that oncorhyncin III plays a role in mucosal innate host defence.
INTRODUCTION
Antimicrobial peptides are increasingly recognized as playing crucial roles in innate immunity, serving not only to kill microorganisms directly but also, in mammals, to modulate other immune processes [1] . Over 750 such peptides from a variety of eukaryotic species are now listed on databases (see, for example, http://www.bbcm.univ.trieste.it/∼tossi/), although relatively few have been described for teleost fish. For several animal taxa, antimicrobial peptides are key components of the secretions of the mucosal surfaces, where they undoubtedly help to protect the underlying tissues from opportunistic or pathogenic bacterial attack [2, 3] . Indeed, for fish, the skin and its mucus secretions seem to be the main sites where peptides or small proteins with antibacterial activity are found [4] [5] [6] [7] [8] [9] [10] [11] . This is not surprising, as in teleosts the skin is constantly exposed to a microbe-rich environment, but has no keratin, and so is vulnerable to abrasion or damage. The skin epithelium is thus a high-risk locale for foci of infection. There is growing interest in identifying the immune factors of teleosts, especially salmonids, because of the growth of finfish aquaculture in the last 20 years and the need to prevent mucosal and systemic infection in the stock animals.
Surprisingly, several of the antibacterial peptides already described for fish have been found to be molecules derived from proteins that are not traditionally associated with antimicrobial defence. These include, for example, histone H2A [5] or a fragment of this molecule [8] and a 6676.6 Da 40 S ribosomal protein, S30 [6] . As yet the extent to which other histones or Abbreviations used: HMG, high-mobility group; MALDI-TOF MS, matrix-assisted laser-desorption ionization-time-of-flight MS; MIC, minimal inhibitory concentration; SEM, scanning electron microscopy; TFA, trifluoroacetic acid. 1 To whom correspondence should be addressed (e-mail vjs1@st-and.ac.uk).
The partial N-terminal amino acid sequence of the antimicrobial peptide reported in the present paper has been submitted to the TrEMBL database under the accession number P83338.
other cytosolic proteins also contribute antibacterial protection is unclear.
During our isolation of H2A from rainbow trout, Oncorhynchus mykiss [5] , it was noted that the 20 % acetonitrile eluate from the t C 18 solid-phase extraction contained at least one additional antibacterial factor. Therefore, the present study was performed to ascertain the character of this protein and establish its potency, spectrum of activity and likely mechanism of action.
EXPERIMENTAL

Animals
Adult female rainbow trout (College Mill Trout Farm, Almondbank, Perthshire, U.K.), weighing 400-500 g, were maintained in flow-through freshwater tanks at ambient temperature and fed daily with an amount of Dynamic Red M trout pellets (Ewos, Bathgate, West Lothian, U.K.) equivalent to 1 % (w/w) of their body weight.
Sample collection and preparation of epidermal extracts
Some 4 h after gentle surface stimulation with ultrafine sand paper to enhance mucus secretion, 10 fish were killed humanely by immersion in a solution containing 0.6 g · l −1 aminobenzoic acid ethyl ester (Sigma, Poole, Dorset, U.K.). After the opercula movements had ceased and no reflexes could be observed, 150 ml of skin secretions was scraped from the dorso-lateral surfaces of † Yeastrel medium: 0.5 % (w/v) Lab-Lemco (Oxoid), 0.7 % (w/v) Yeastrel (Natex, Gloucs., U.K.), 0.95 % (w/v) peptone (Difco, West Molesey, Surrey, U.K.) and 0.5 % (w/v) NaCl.
the fish with a glass slide, taking particular care to avoid sample contamination with blood. Acid-soluble protein extracts were prepared by homogenizing the mucus in 450 ml of a solution containing 50 % (v/v) ethanol (Merck, Poole, Dorset, U.K.), 3.3 % (v/v) trifluoroacetic acid (TFA; Sigma) and 2 % (v/v) generaluse protease-inhibitor cocktail (Sigma) that comprised 4-(2-aminoethyl) benzenesulphonyl fluoride, NaEDTA, leupeptin, trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane, bestatin and aprotinin. Following extraction by stirring for 60 min at 4
• C, the preparation was centrifuged at 29 000 g for 60 min at 4
• C and the supernatant lyophilized. The resulting extract was resuspended in 100 ml of 20 mM Hepes (Acros, Loughborough, Leics., U.K.) and the pH adjusted to 7.0 with 5 M NaOH (BDH, Poole, Dorset, U.K.) before centrifuging at 29 000 g for 30 min at 4
• C. 
Antibacterial assays
Antibacterial activity was assessed by a modified version of the two-layer radial diffusion assay of Lehrer et al. [12] , as reported previously [11] . The following modifications were introduced: Tween 20 was omitted, as it was found to affect bacterial growth negatively, and 0.6 % (w/v) agarose (Sigma) was used to lower the melting point below 37
• C and thus improve the survival rate of thermosensitive bacteria. The Gram-positive bacterium P. citreus was used as the test organism throughout the proteinpurification procedure. Qualitative evaluation of antibacterial activity of the purified peptide against each of the strains listed above was also achieved by radial diffusion assay.
The minimal inhibitory concentration (MIC) of the isolated peptide against E. coli or P. citreus was determined using a microtitre broth dilution assay based on that described by Friedrich et al. [13] , according to the protocol described by Fernandes et al. [5] .
To ascertain the effect of NaCl concentration on the antibacterial activity of the purified peptide, MIC assays were performed using Mueller-Hinton broth supplemented with NaCl to a final concentration of 0.8, 1.5 or 3.2 % (w/v).
Muramidase assay
Muramidase activity was tested by radial diffusion assay as detailed by Smith et al. [11] , using hen egg white lysozyme (Sigma) at a concentration of 50 µg · ml −1 as standard.
Peptide purification
The reconstituted extract was subjected to cation-exchange chromatography at pH 7.0 as described previously by Fernandes et al. [5] . At each step of the purification procedure, the purity and molecular mass of the proteins were estimated by high-resolution PAGE in the presence of SDS [14] .
Protein quantification
Total protein concentration was estimated by the method of Bradford [15] using BSA (Pierce, Rockford, IL, U.S.A.) as standard. Amino acid analysis of the purified peptide was performed at the Protein and Proteomics Facility (University of Aberdeen, Aberdeen, U.K.) employing the phenylthiocarbamyl derivatization method on an Applied Biosystems 420A amino acid analyser. Norleucine was used as internal standard for derivatization and myoglobin was employed as the hydrolysis standard.
Matrix-assisted laser-desorption ionization-time-of-flight MS (MALDI-TOF MS)
The molecular mass of the purified antimicrobial peptide was determined by MALDI-TOF MS at the Centre for Biomolecular Sciences (University of St Andrews, St Andrews, U.K.) according to the protocol described in Fernandes et al. [5] . The chromatograms were obtained at 226 nm (solid line). Antibacterial activity profiles against P. citreus are represented by the histogram. The dashed line shows the acetonitrile concentration gradients. The peaks of interest are emphasized by the bars below. Left-hand panel: the active fractions eluted between 85 and 90 min during cation-exchange chromatography of acid-soluble mucus extracts from rainbow trout skin were pooled and concentrated by t C 18 solid-phase extraction, prior to fractionation by C 18 reversed-phase HPLC. Right-hand panel: the active C 18 reversed-phase HPLC fractions eluted between 20 and 21 % acetonitrile were pooled and further subjected to C 18 reversed-phase HPLC under a shallower water/acetonitrile gradient. The fractions corresponding to the peaks eluted at 33.2 and 33.5 min were found to be antibacterial to P. citreus. The inset shows the Tris/Tricine SDS/PAGE profile (silver stained) of peak fraction 34 (7.5 µl). The numbers on the left-hand side correspond to the molecular masses of the markers in kDa. The peptide of interest is indicated by the arrow.
Equine cytochrome c (12 360.1 Da), bovine insulin (5733.5 Da) and corticotropin ('ACTH') 'clip' peptide (residues 18-39, 2465.7 Da) were used as internal standards.
Partial primary structure determination N-terminal amino acid sequencing of the purified peptide was performed by standard automated Edman degradation on a Procise Sequencer (Applied Biosystems) at the Centre for Biomolecular Sciences (University of St Andrews).
Sequence analyses
Homology searches were performed against the SwissProt, NR and Month databases with the basic local alignment search tool (BLAST) [16] provided by the NCBI server (http://www. ncbi.nlm.nih.gov/BLAST). Peptide mass, amino acid composition, isoelectric point and hydropathicity were predicted by the Expert Protein Analysis System (ExPASy) proteomics server of the Swiss Institute of Bioinformatics (http://www.expasy.ch/). Sequence alignments were executed with the Omiga 2.0 sequence analysis software (Oxford Molecular/Accelrys, Cambridge, U.K.), using the Clustal W 1.6 algorithm [17] .
Proteolytic digestion
The proteinaceous nature of the purified antimicrobial factor was assessed by radial diffusion assay as above, before or after digestion with 60 µg · ml −1 (final concentration) proteinase K (Sigma) for 60 min at 37
• C.
Haemolysis assay
The purified peptide was tested for haemolytic activity against trout erythrocytes according to the protocol described by Fernandes et al. [5] .
Scanning electron microscopy (SEM)
An E. coli culture (90 µl) in exponential growth phase at 5 × 10 6 colony-forming units · ml −1 was incubated at 37
• C for 1 h with 10 µl of purified trout antimicrobial peptide (10 µM) or cecropin P1 (20 µM; Sigma). After washing with 0.8 % (v/v) NaCl, the specimens were fixed in 2.5 % (v/v) glutaraldehyde (Sigma) and then dehydrated in ascending concentrations of ethanol (Merck), from 70 to 100 % (v/v). They were then transferred to a Samdri 780 (Tousimis, Rockville, MD, U.S.A.) for critical-point drying with liquid CO 2 (BOC Gases, Guildford, Surrey, U.K.). Dry specimens were mounted on 3-cm-diameter aluminium SEM stubs (Agar Aids, Stansted, Essex, U.K.) using double-sided sticky tape, placed in an SC500 sputter coater with a gold target (Emscope) and coated for 3 min at 15 µA under an argon (Boc Gases) atmosphere. The samples were then observed under a 35 CF scanning electron microscope (JEOL, Tokyo, Japan), using an accelerating voltage of 10 kV. Photographs were taken using 125 ASA FP4+ Ilford film (H. A. West, Edinburgh, U.K.).
Planar lipid bilayer assay
The ion-channel properties of the purified antimicrobial peptide were tested by macroscopic and single-channel conductance measurements in planar lipid bilayers. Virtually solventfree planar lipid bilayers were formed using the Montal and Mueller technique [18] over a 100-150 µm hole in a Teflon film (10 µm thick), pre-treated with a mixture of 1:40 (v/v) hexadecane/hexane, separating two half glass cells. Lipid monolayers were spread on top of electrolyte solution (1 M KCl/10 mM Tris, pH 7.4) in both compartments. Bilayer formation was achieved by lowering and raising the electrolyte level in one or both sides and monitoring capacity responses. Planar lipid bilayers were formed using either asolectin IV-S from soya bean (Sigma) or a 7:3 (molar) mixture of phosphatidylcholine/phosphatidylethanolamine grade 1 from egg yolk (Lipid Products, Redhill, Surrey, U.K.). Voltage was applied through an Ag/AgCl electrode in the cis-side.
With regard to the macroscopic conductance experiments, the purified protein was added in the concentration range 5 × 10 −8 -5 × 10 −7 M from a 10 −5 M stock solution in 0.3 % (v/v) Triton X-100. The doped membranes were subjected to slow voltage ramps (6.6 mV · s −1 ) and trans-membrane currents were fed to a 427 Keitley amplifier (Cleveland, OH, U.S.A.). Current-voltage curves were recorded on an X-Y plotter.
In single-channel recordings, the protein concentrations ranged from 2 × 10 −9 to 10 −8 M. Currents were amplified and potentials were applied simultaneously with an RK 300 patch clamp amplifier (Biologic Science Instruments SA, Claix, France). Single-channel currents were monitored on an R5103N oscilloscope (Tektronix, Beaverton, OR, U.S.A.) and stored on a DTR 1202 DAT recorder (Biologic Science Instruments SA) for off-line analysis. Satori (v3.1; Intracel Software, Royston, Herts., U.K.) was used for downstream analysis. All experiments were performed at room temperature.
RESULTS AND DISCUSSION
Purification and characterization of oncorhyncin III
The results of this study show that the skin epithelium of rainbow trout expresses a 6.7 kDa antimicrobial peptide, which was isolated from acid-soluble skin mucus extracts. The 20 %-acetonitrile eluate from solid-phase extraction of the active fractions eluted between 85 and 90 min during cation-exchange chromatography was subjected to C 18 reversed-phase HPLC (Figure 1, left-hand panel) . Active fractions were fractionated further by C 18 reversed-phase HPLC, yielding one main fraction with antibacterial activity against P. citreus that corresponded to two peaks with retention times of 33.2 and 33.5 min (Figure 1 , right-hand panel). The antibacterial activity of the purified peptide was thermostable, remaining present even after incubation at 80
• C for 5 min. Activity was abolished after digestion with proteinase K, confirming that this factor has a proteinaceous nature. One protein band with an electrophoretic mobility of approx. 6.5 kDa could be observed by SDS/PAGE after silver staining ( Figure 1 , right-hand panel, inset). The yield of purified peptide, determined by amino acid analysis, was approx. 30 ng · g of mucus −1 . Automated Edman degradation of the purified peptide yielded the following partial N-terminal sequence: PKRKSATKGDEPA. BLAST homology searches established that it is a perfect match with the N-terminus of the nonhistone chromosomal protein H6 (histone T) from rainbow trout (Figure 2 ). The molecular mass of the purified peptide is 6671.4 Da, as determined by MALDI-TOF MS (Figure 3) . The amino acid analysis data were in good agreement with the expected composition of the non-histone chromosomal protein H6 from trout gonads (Swiss-Prot P02315; results not shown). MS analysis combined with N-terminal sequence data showed that it is a 66-residue N-terminal fragment of the nonhistone chromosomal protein H6 from O. mykiss. This 6.7 kDa antimicrobial peptide is provisionally named oncorhyncin III, after the genus of rainbow trout, Oncorhynchus. The discrepancy between the predicted (6643.7 Da) and experimental average molecular masses of this peptide suggests that it may contain two methylated residues or one double methylation. This hypothesis is supported by the fact that the non-histone chromosomal protein H6 contains the same consensus sequence Arg-Lys-Ser (residues 3-5) present in histone H3, which is known to be methylated at lysines 9 and 27 [19] . Oncorhyncin III has a high positive net charge at physiological pH, with a theoretical isoelectric point of 10.72, and a grand average of hydropathicity equal to − 1.106.
Quantification of antibacterial activity using the microtitre broth dilution method revealed that oncorhyncin III is active at submicromolar concentrations against several Gram-positive and Gram-negative bacteria (Table 2 ) and has no detectable muramidase activity. At a concentration of 1 µM, the trout peptide caused only 5 % haemolysis of trout erythrocytes, whereas melittin, a known haemolytic peptide [20] , induced 38 % haemolysis under the same conditions (Figure 4) .
Most antimicrobial peptides found throughout the Animal and Plant Kingdoms are small, functionally specialized peptides [1, 21] . Nevertheless, an increasing number of antimicrobial peptides are found to be generated by proteolysis of larger proteins with previously known function but with a role not associated with antimicrobial defence [1] . For instance, the murine 40 S ribosomal protein S30 [22] and the trout equivalent [6] were found to have potent antimicrobial properties. Two other examples are provided by histone H2A from rainbow trout skin secretions [5] and parasin I, a 19-residue N-terminal fragment of histone Identical residues between the purified antimicrobial peptide, non-histone chromosomal protein H6 from rainbow trout [42] , human HMG-14 [43] , bovine HMG-14 (Swiss-Prot P02316), chicken HMG-14 [44] , human HMG-17 [45] , bovine HMG-17 (Swiss-Prot P02313) and chicken HMG-17 [46] are represented by a shaded box.
H2A present in the skin of the catfish, Parasilurus asotus [8] . To the best of our knowledge, this is the first report to demonstrate directly that a 66-residue N-terminal fragment of the non-histone chromosomal protein H6 displays potent antimicrobial properties and may therefore assist in mucosal defence. Moreover, the nonhistone chromosomal protein H6 belongs to the high-mobility group (HMG) of proteins, which are present throughout the vertebrate subphylum [23] . BLAST homology searches and sequence alignments of oncorhyncin III with H6 from rainbow trout testes, human HMG14, bovine HMG14, avian HMG14, human HMG17, bovine HMG17 and avian HMG17 reveal a high degree of similarity amongst them (Figure 2) . These proteins constitute a family of relatively low-molecular-mass non-histone components in chromatin. The proteins bind to the inner side of the nucleosomal DNA, altering the interaction between the DNA and the histone octamer [24] . Indeed, it is currently accepted that the HMG proteins may be involved in the process that confers specific chromatin conformations to transcribable regions in the genome [24] . The purification of oncorhyncin III will permit the development of antibodies that may be employed to ascertain whether this non-histone chromosomal protein can have a cytosolic as well as a nuclear localization, similarly to other histones or histone-derived fragments [25] [26] [27] [28] . Furthermore, it would be relevant to investigate the changes in expression of H6 and its processing to oncorhyncin III after antigenic challenge or under immunosuppressive environmental conditions, to investigate the hypothesis that besides their nucleosomal involvement, HMG proteins may be involved in innate host defence.
Mode of action of oncorhyncin III
The mechanism by which antimicrobial peptides kill microbes is still unclear, but it is currently thought that different peptides employ different strategies. These include the fatal depolarization of the cell membrane [29] , the formation of pores and subsequent leakage of the cell contents [30] or the damaging of critical intracellular targets after internalization of the peptide [31, 32] . Nonetheless, it is well accepted that the primary target of antimicrobial peptides is the bacterial membrane. Regardless of the actual bactericidal mechanism, the peptide has to interact with the membrane, either to disrupt it physically or to access the intracellular space.
SEM imaging of E. coli cells incubated with oncorhyncin III at a concentration 2-fold greater than its MIC revealed that the general cell morphology remains unchanged, even though the cells appeared smaller (results not shown). In contrast, incubation with cecropin P1 at a concentration 2-fold greater than its MIC induced marked changes in cell shape and even disruption of bacterial integrity (results not shown). The hypothesis that the oncorhyncin III does not cause immediate disintegration of the cell membrane is further corroborated by planar lipid bilayer and ion-channel experiments, which showed that the H6-derived trout mucus peptide induced a marked destabilization of planar lipid bilayers, but was unable to form stable channels. These results fit the 'carpet' mechanism of action of antimicrobial peptides described in the Shai-Matsuzaki-Huang model, i.e. the peptide adsorbs to the target membrane and covers it in a carpet-like fashion [33] . The formation of 'wormholes' occurs at high enough local concentration of peptide [34, 35] , consistent with the observed transient ion-channel activities. Following this phase transition, oncorhyncin III may diffuse on to intracellular targets [1, 33] , where it may exert its antibacterial function. Buforin II, a linear α-helical peptide derived from histone H2A from Bufo bufo gargarizans, also does not cause E. coli cell lysis at concentrations up to five times its MIC [36] . Instead, buforin II penetrates the cell membrane and accumulates inside the cell, where it is likely to interact with bacterial nucleic acids [36] . This mode of action is different from the one suggested for another antimicrobial histone, histone H1 from Atlantic salmon (Salmo salar). Histone H1 interacts with the cell surface and directly compromises the integrity of the cell membrane, as visualized by SEM [7] . As the initial step of permeabilization of the bacterial membrane involves the electrostatic interaction between the cationic peptides and the negatively charged phospholipid head groups of the outermost leaflet of the lipid bilayer [33] , several antimicrobial peptides are inhibited by high NaCl concentrations [37] [38] [39] , although there are some examples of peptides that seem to be salt-tolerant [10, 40] .
The assays to investigate the effect of salt on antibacterial activity of oncorhyncin III revealed that, despite being active against P. citreus at concentrations up to 3.2 % (w/v) NaCl, its MIC value increased 2-fold when the NaCl concentration increased from 0.8 to 1.5 % (w/v); furthermore, an 8-fold increase in the MIC value [relative to 0.8 % (w/v) NaCl] was observed in the presence of 3.2 % (w/v) NaCl ( Figure 5 ). This implies that during the seasonal migrations of rainbow trout to the sea, the protective antimicrobial effect of H6 may be greatly diminished in steelhead (salt-water) rainbow trout. However, the probable intracellular location of oncorhyncin III indicates that, even under high NaCl concentrations, it could still play an important role in host defence against intracellular pathogens.
The likely relevance of oncorhyncin III as an effector of the innate immune system is supported by its very high potency. It is active against all the Gram-positive and Gram-negative bacteria tested, with MICs in the micromolar range. In particular, its MIC against P. citreus is in the range 0.06-0.12 µM, values approx. 30-fold lower than those of cecropin P1 against the same micro-organism (Table 2) . Importantly, the peptide is not significantly lytic for trout erythrocytes at the concentrations tested. Hence, this antimicrobial peptide could exert its biological effects in vivo against bacteria without damage to the host tissues. Innate host defence factors are unarguably crucial for teleosts, as their adaptive immune system is less sophisticated than that of higher vertebrates and is markedly constrained by environmental variables such as temperature. Oncorhyncin III may be one such factor, probably acting in synergism with other antibacterial factors such as lysozymes or other antimicrobial peptides known to be present in trout skin epithelium. A similar synergistic relationship has been reported for histone H1-derived peptides from coho salmon (Oncorhynchus kisutch) and lysozyme [41] . Since the non-histone chromosomal protein H6 is not as tightly bound to chromatin as are the core histones [42] , the antimicrobial peptide derived from it may function either in the cytoplasm against intracellular pathogens or extracellularly through release to mucosal surfaces after infection-induced cell lysis or apoptosis. Its ability to destabilize membranes may allow it to enter the cell, where it could exert its antibacterial action by impairing intracellular targets.
